Scanning tunneling spectroscopy was performed at low temperature on buried manganese ͑Mn͒ acceptors below the ͑110͒ surface of gallium arsenide. The main Mn-induced features consisted of a number of dI / dV peaks in the band gap of the host material. The peaks in the band gap are followed by negative differential conductivity, which can be understood in terms of an energy-filter mechanism. The spectroscopic features detected on the Mn atoms clearly depend on the depth of the addressed acceptor below the surface. Combining the depth dependence of the positions of the Mn-induced peaks and using the energy-filter model to explain the negative resistance qualitatively proves that the binding energy of the hole bound to the Mn atom increases for Mn acceptors closer to the surface.
I. INTRODUCTION
Following Moore's law of increasing computer performance, electronic semiconductor devices have been scaled down in size since the invention of the transistor.
1 Nowadays the dimensions reached a level where individual dopant atoms, interfaces, and the distances in between them start to become important. 2 Mn acceptors in GaAs have attracted a lot of research interest especially since they have been found as a promising option to make semiconductors magnetic. 3, 4 Their properties in scanning tunneling microscopy ͑STM͒ measurements are also well known. [5] [6] [7] The bow-tie-shaped contrast found with constant current mode STM around +1.5 V is generally interpreted as the wave function of the hole bound to the Mn acceptor. [6] [7] [8] Within the approach of Tersoff and Hamann, 9 the STM always maps wave functions but it is not straightforward to determine whether one individual wave function is addressed that belongs to one specific Mn state. STM data measured in the constant current mode represent the integrated local density of states ͑LDOS͒ between the Fermi level E F and the applied voltage ͑E F + V bias ͒. 9 Based on scanning tunneling spectroscopy we now show that the well-known contrast around 1.5 V splits into three contributions.
Strong effects of the surface have been shown: the symmetry of the Mn contrast is broken due to strain and the electric field but also due to the broken symmetry in the buckled relaxation at the GaAs͑110͒ surface. [10] [11] [12] [13] Also the presence of other structures such as quantum dots 14 and adsorbed atoms 13 on the surface close to the Mn atom have been shown to disturb the electronic structure of a Mn atom. Mn acceptors located very close to the GaAs͑110͒ surface show a rather intense contrast which is restricted laterally to a few lattice cells. In contrast, the wave functions of deeply embedded Mn atoms are smoothly smeared out over several nanometers. According to the basic model of a particle in a box, spatial restriction of a state is correlated with higher binding energies. Enhanced binding energy has theoretically been predicted 15 for Mn atoms closely below GaAs͑110͒. We studied the electronic structure of Mn acceptors located at different depths below this surface experimentally. Due to local fluctuations of the Mn concentration on the scale of typical frame sizes mapped in STM we also detected the distortion of the electronic properties of Mn atoms by acceptors in close vicinity.
II. EXPERIMENTAL SETUP
We used an Omicron low-temperature STM ͑LT-STM͒ setup operated at 5 K and a base pressure below 10 −11 mbar. The tips were electrochemically etched from polycrystalline W wire, further preparation in UHV guaranteed tips of atomic resolution and stability over several hours in scanning tunneling spectroscopy ͑STS͒ mode. 16 The measurements were carried out on hetero structures of Mn-doped GaAs grown by molecular beam epitaxy on p + -doped substrates in a cross-sectional geometry ͑X-STM͒. The exact structure of the samples as well as the procedure applied to approach the heterostructures are described in Ref. 13 .
On the cleaved surface we performed constant current topography in order to find a suitable area that contains Mn atoms buried in different depths below the surface and that is free of step edges and other unwanted defects, which complicate the interpretation of the data. On ensembles of Mn acceptors residing at different depths below the surface, as shown in Fig. 1 , I͑V͒ spectra were acquired at every pixel of the topographic image ͓current imaging tunneling spectroscopy ͑CITS͒, see e.g., Ref. 17͔. The depth of individual Mn acceptors below the GaAs͑110͒ surface is obtained from the STM topographies. 13 Figuring out the absolute depth can be difficult for Mn acceptors in deeper layers but the relative depth of the acceptors imaged in one frame can be identified unambiguously. The Mn atoms will be referred to as Mn 2 to Mn 11 , with the depth in atomic layers as an index. Focusing on the ensemble of Mn atoms we adjusted the stabilization voltage ͑V bias ͒ applied to the sample and the setpoint current in order to minimize the topographic contrast of the embed-PHYSICAL REVIEW B 82, 035303 ͑2010͒
1098-0121/2010/82͑3͒/035303͑6͒ ©2010 The American Physical Society 035303-1 ded Mn atoms. Possible artifacts in the tunneling spectra resulting from a changing tip-sample distance are avoided in this manner. Typical parameters are V bias Ϸ +2.3 V or V bias Ϸ −1.5 V with a feedback current of up to 3 nA. At every pixel on a grid of up to 256 2 we performed I͑V͒ spectroscopy measurements. Each I͑V͒ curve consisted of typical 330 voltage steps between −2 V and +2 V. After smoothing the spectra with Gauss filters and cubic spline fits, and numerical differentiation, the spectroscopic resolution was ϳ50 mV on the external voltage scale. In the resulting data matrix dI / dV͑x , y , V͒ z 0 we have the full information to study lateral properties of the LDOS as a function of the energy.
III. EXPERIMENTAL RESULTS
Within the spectroscopic information we focus on the voltage range where the Mn-induced peaks appear. In the following we will discuss the three main aspects observed around the Mn atoms in the dI / dV maps shown in Fig. 2 . First of all, the CITS maps show the characteristic bow-tieshaped contrast which is well known from constant current topography images of buried Mn atoms in GaAs at positive polarity around +1.5 V. 6, 8, 12, 13 The actual spectroscopic position depends on the depth of the addressed Mn atom below the surface as is shown in Fig. 2 . The Mn atoms deep below the surface show the bow tie already around +0.8 V, see Figs. 2͑a͒ and 2͑b͒ whereas the voltage has to be increased to +1.5 V in order to find the contrast stemming from Mn 2 much closer to the surface, see Figs. 2͑e͒ and 2͑f͒. Second, the Mn state consists of three peaks as will be discussed later. However, the CITS data show that all of them are characterized by a very similar bow-tie-shaped pattern, and cannot be decomposed into different lateral contributions appearing at different sample voltages. The third observation concerns the LDOS at voltages slightly below the voltage at which the Mn-induced contrast in the band gap is addressed. At ϳ1 V ͓see The decreasing diameter of the rings surrounding Mn acceptors in InAs with increasing voltage was explained by the tip-induced band bending ͑TIBB͒ ͑Ref. 19͒ that decreases with increasing distance from the tip and with decreasing voltage. The distance-dependent nature of this electrostatic effect results in the circular symmetry of the rings. The noncircular symmetry of the rectangular rim surrounding the Mn atoms in GaAs proves that mapping the Mn wave function is fully entangled with the mechanism behind this feature and that a description purely based on electrostatics is not sufficient. A second deviation of the observed rectangles from the rings of ionization can be seen where the rims of neighboring Mn atoms overlap. In that case the size of the rim around Mn atoms in GaAs does not significantly change whereas the rings of ionization around Si in GaAs and Mn in InAs are reduced in diameter where neighboring rings overlap. 18, 20 We conclude that the Coulomb effect leading to a ring of ionization and mapping genuine properties of the Mn wave function are strongly entangled resulting in the rectangular rims around Mn atoms below GaAs͑110͒.
The remainder of the paper will focus on the qualitative and quantitative interpretation of the voltages needed to address Mn atoms that clearly depend on the depth of the addressed Mn atom below the surface. Finally we will address the threefold splitting of the Mn acceptor peak.
Laterally averaging over the spectra on top of individual Mn acceptors in different atomic layers is used to study the depth dependence of the spectroscopic signature of the Mn acceptors. Around each of the five specific Mn atoms identified in Fig. 1 , the spectra were averaged in a box of ϳ2 ϫ 2.5 nm 2 ͑ϳ900 individual spectra͒. The resulting averaged spectra are plotted in Fig. 3͑a͒ . We compare the spectra taken on the five acceptors with an average spectrum on the bare GaAs surface in the same data set as a reference. In the upper left and lower left corner of Fig. 2͑c͒ two additional Mn atoms are buried deeper below the surface than 11 atomic layers ͑AL͒. We include them in the further discussion. Based on the relative strength of their contrasts, their depth is roughly estimated to be 13AL and 14AL below the surface.
The main spectroscopic signature of the Mn acceptors is found in the band gap below the onset of the conduction band of GaAs, which is in good agreement with earlier publications for spectroscopy on Mn in InAs, 21 and for Mn in the first layer of GaAs. 7 It also fits to the reported position of the Mn-induced contrast in constant current topographies on Mn-doped GaAs. 6, 8, 12, 13 Figure 3͑a͒ highlights this voltage range. The Mn signature consists of three peaks that are followed by negative differential conductivity ͑NDC͒.
22,23
The Mn-induced peaks are quantitatively characterized by Gaussian fits. The fits to the peaks in the band gap are shown in the insets in Fig. 3 . Correct assignment of the first, second, and third peak is crucial because comparing wrong peaks with each other would severely distort the derived depth dependence of the peak positions. The spectroscopic position of the NDC was used as a landmark in order to identify the corresponding peaks for the Mn atoms in different depth. The resulting peak positions from the Gauss fits are summarized in Table I and plotted versus the depth of the corresponding Mn atom in Fig. 4 . This quantitatively confirms the trend that the peaks in the band-gap shift to lower voltages for acceptors deeper below the surface. The uncertainty of the resulting peak positions is ϳ5 mV. The amplitude and width of the peaks, however, do not show unambiguous trends. In general, features stemming from acceptors close to the surface are stronger than those induced by deeply buried Mn atoms. In most cases the second peak is the strongest of the threefold peaks in the band gap.
A closer look at the spectroscopic signature of Mn 11 in Fig. 3 , Table I , and Fig. 4 reveals that the lowest energy peak of this Mn atom appears at significantly lower voltage than expected from a linear fit. The peak stemming from Mn 11 lies even below the corresponding peak belonging to Mn 13 and Mn 14 . Figures 1 and 2͑c͒ show that Mn 11 is located close to Mn 7 and to Mn 13 . The lateral distance to both neighbors is around ϳ2.7 nm. Peaks at reduced voltages are systematically found for Mn atoms situated in close vicinity to neighboring acceptors in all our measurements. This supports the conclusion that the interactions between neighboring Mn atoms lower the spectroscopic position of the first peak in the band gap, consistent with Ref. 7 . The critical interaction length of ϳ3 nm is much larger than the average distance between the defects at the metal-insulator transition. 24 Mn acceptors deeper than ϳ2.5 nm below the surface are hardly visible in topographic images; this depth is very similar to the critical interaction length. Therefore the local neighborhood of the individual Mn atoms results in shifted peak positions similar to the variations between individual emitters resulting in inhomogeneous broadening in photo luminescence experiments. Splitting of the acceptor levels due to interaction with neighboring Mn atoms has been predicted theoretically for bulk Mn-GaAs. 25 The reduced energetic position of the lowest state depends on the relative position of both Mn atoms. Our observation of a peak at significantly lower voltage for Mn atoms located close to each other confirms the theoretical prediction qualitatively. The limited visibility of Mn atoms in deeper layers, and their specific properties close to the surface hinder a quantitative comparison with Ref. 25 . This splitting was measured experimentally between atoms in the surface layer 7 but until now had not been demonstrated for subsurface magnetic dopant pairs.
IV. ENHANCED BINDING ENERGY
It is tempting to interpret the shifted spectroscopic position of the Mn-induced peaks in the band gap directly as an enhanced binding energy for Mn atoms closer to the surface. A similar argument was used for Mn atoms in the first atomic layer. 7, 15 However, the situation is more complex since the Fermi level E F is not pinned on GaAs͑110͒, and TIBB ͑Ref. 19͒ cannot be neglected. Quantitative calculations of the TIBB are challenging because several crucial parameters are only known by estimation, e.g., geometry and work function of the tip, and distance between tip and sample. We therefore draw qualitative conclusions on the effect of the depth dependence of the Mn-induced features before we discuss the estimated binding energy of Mn atoms in different layers below the surface.
A. Qualitative analysis
Addressing Mn atoms closer to the surface at increased voltage rises the question on the mechanism behind the Mninduced peaks. In general, a peak in dI / dV stems from an additional tunneling channel. In the case of Mn in GaAs, this happens when the addressed acceptor state close to the surface ͑E A surf ͒ lines up with the Fermi level deep in the sample, E F bulk , as schematically depicted in Fig. 5 . A second ingredient for interpretation is the negative differential conductance following the Mn-induced peaks in the band gap. NDC can be explained in a straightforward manner by the energy-filter mechanism which is briefly introduced here. The tunneling current flows from the tip first into the empty acceptor state of the addressed Mn atom close to the surface. Then in a second step, the electrons have to reach an empty state in the partially filled acceptor band in the bulk at the same energy. The decaying TIBB toward the bulk allows to align E A surf with E F bulk . Increasing the external voltage lifts E A surf above E F bulk , and the tunneling channel through the Mn state close to the surface is closed because the electrons can no longer be drained into the impurity band in the bulk. Blocking the tunneling channel thus decreases the current for increased voltage and explains the observed NDC. Details can be found in Ref. 23 .
Assuming the binding energy of the acceptor to remain unchanged close to the surface, E A surf = E A bulk , means that it lines up with E F bulk when the bands are flat. In this situation, the TIBB and its decay toward the bulk both vanish. Therefore all Mn atoms in different depths would cross E F bulk at exactly the same external voltage, and no depth dependence would be observed for the Mn-induced peaks. This is clearly not the case in our experiments as shown in Fig. 4 . We conclude that E A surf indeed depends on the depth of the Mn atom below the surface. In case of upward ͑downward͒ TIBB needed to achieve E A surf = E A bulk , the Mn binding energy will be decreased ͑increased͒ close to the surface.
We measured the flat-band voltage independently by z͑I T ͒ ͑Ref. 23͒ spectroscopy, resulting in a flat band voltage of 2.5Ϯ 0.5 V, clearly above the Mn-induced peaks. In agreement with Ref. 22 the Mn-induced peaks and the NDC are detected at downward TIBB, proving the enhanced binding energy of Mn atoms close to the surface. Figures 5͑a͒ and  5͑b͒ qualitatively compare the band bending needed to address an acceptor close to the surface ͓5͑a͔͒ and deeper in the crystal ͓5͑b͔͒. The higher voltage needed to align the acceptor close to the surface causes a smaller total TIBB than the lower voltage at which the deeper acceptor aligns with the impurity band. Due to the rapid decay of the TIBB toward the bulk, the local TIBB at the acceptor site is still higher for the acceptor close to the surface. This shows that binding energy of Mn acceptors increases monotonously for decreasing depth below the surface.
The depth dependence of the Mn-induced peaks is reproduced in all other STS measurements even though the absolute peak positions differ. The deviations most probably stem from different tips resulting in modified band bending configurations. All our spectroscopy measurements with sufficient resolution reproduced the threefold splitting of the Mninduced peak in the band gap. We conclude that all peaks show an enhanced binding energy as predicted by Ref. 15 .
B. Quantitative analysis
In order to extract the binding energy as a function of the depth of the Mn acceptor below the GaAs͑110͒ surface quantitatively, the TIBB has to be calculated for the voltages at which the Mn-induced features are detected in Fig. 4 . As discussed in the previous paragraph and shown in Fig. 5 , the Mn peaks in the gap originate from lining up E A surf with E F bulk . The binding energy is then given by the equation We calculated the TIBB using the code published in Ref. 26 . The obtained binding energy depends on the flat band voltage and on the tip radius R tip . As mentioned before, the flat band voltage was independently determined by z͑I T ͒ spectroscopy to FB = 2.5Ϯ 0.5 V. Furthermore we assume similar R tip as we characterized earlier R tip Յ 10 nm ͑Refs. 20 and 27͒ because all our tips are prepared using the same procedure. Although these values seem to have small errors, the resulting variation in E A is still large. Therefore we need further restrictions to narrow down the range of parameters in the TIBB calculations. It is close at hand to assume the binding energy to approach the bulk value asymptotically for acceptors at increasing depth below the surface. Therefore we demand that the calculated binding energies of Mn 13 and Mn 14 are very similar to each other. E A AL13 Ϸ E A AL14 is achieved for a flat band condition FB Ϸ 2.3 V, and a tip radius R tip = 2 nm, both in good agreement with the expected parameters, FB = 2.5Ϯ 0.5 V, and R tip Ͻ 10 nm.
The resulting depth-dependent binding energy is fitted by an exponential decay, depicted by the dashed-dotted red line in Fig. 6 . The aymptotic limit of this fit deeply below the surface is 148 meV, 25 meV higher than the bulk binding energy of 113 meV. This deviation most probably stems from a different position of E F in the bulk. We assumed it to be 113 meV above the VB. However, the position of E F bulk depends on the doping level. Shifting E F bulk with respect to E VB in the equation we used, E A = ͑E F bulk − E VB ͒ + ͉TIBB͉, results in a constant offset to the extracted binding energies. We removed the offset such that the extracted binding energy asymptotically approaches 113 meV for very deep layers. The results for the investigated Mn atoms are plotted in Fig. 6 relative to the top of the VB defined as VB = 0 meV. The red dots, green stars, and black squares depict the binding energies of the first, second, and third peak. All energetic positions significantly depend on the depth of the addressed Mn atom below the surface. For Mn atoms closer to the surface, the Mn-induced states in the band-gap shift to higher energy. The extracted binding energy equals ϳ117 meV for Mn 14 , which is close to E A bulk , and increases up to ϳ170 meV for Mn 2 . The extracted absolute binding energies depend on the choice of the parameters in order to calculate the TIBB. Therefore it is difficult to give the error bars. The error within one choice of parameters is smaller than Ϯ5 meV but there is a possible scaling of Ϯ30% by choosing different parameters. The binding energies that we extract from the experiment agree satisfyingly well with a recent theoretical study of Mn atoms closely below GaAs͑110͒ 15 that is plotted as black triangles. Theory predicts a much stronger increase in E A surf in AL1 and AL2, which is not found in the experiment whereas the furtherly predicted decay toward the bulk value on a larger length scale fits much better with our experimental results.
Now we focus on the Mn-induced feature consisting of three peaks. The Mn 3d 5 electrons with a total spin of S =5/ 2, the hole in the acceptor state with an orbital momentum L = 1 and a spin of s =1/ 2 allow in total 36 angular-momentum states. We define the total momentum J = S + s + L, and the 36 states correspond to one J = 1, two J = 2, two J = 3 and one J = 4 multiplet. The crystal field splits all multiplets with J Ͼ 1, so there are many energetic levels possible. The ground state is given by J = 1, and if we assume the other two levels visible are two of the excited levels ͑e.g., J =2,3͒, then the splitting between the ground state and the exited states can be assumed to originate either from exchange coupling or from spin-orbit interaction. Exchange coupling would produce progressive splitting between J =1,2,3. Table II lists the splitting between the peaks in our experiment for comparison. ⌬ i−j denotes the spectroscopic distance between neighboring peaks i and j corresponding to the same Mn atom. Our experimental data clearly do not show progressive splitting so we exclude exchange coupling as the source of the splitting into three levels.
For spin-orbit interaction the states with J =1,2,3 are evenly split by ϳ40 meV, 25 which appears superficially similar to the results in Table II . The spin-orbit interaction was also proposed as an explanation for the multiple levels measured in Ref. 21 . The calculation of the spin-orbit splitting for Mn in bulk GaAs, 25 however, has to be compared to the peaks associated with the Mn atoms in the deepest layers, which are split by 3-4 meV in the experiment. This is one order of magnitude smaller than predicted in Ref. 25 , so we also exclude spin-orbit interaction as the source of the observed splitting.
We conclude that the threefold splitting in our experimental data does not originate from energy splitting between the J = 1 and other, higher energy angular-momentum states. Instead we propose that the threefold degeneracy of J =1 is lifted close to the surface as a result of symmetry lower than the bulk crystal. The symmetry is broken because the relax- ation at the GaAs͑110͒ surface introduces strain into the lattice, and because the voltage applied between the sample and the STM tip results in an electric field at the position of the acceptor. Both effects break the symmetry of acceptor wave functions. 12, 14, 28 Under these conditions m J =+1,0,−1, are no longer the proper energy eigenstates. However, we assume that three linear combinations will be formed, as described in Refs. 14 and 28, and lead to the threefold splitting of the Mn state in our spectra. Strain or electric fields directed along the ͓110͔ direction will produce evenly split states whereas strain or electric fields along the ͓111͔ direction will produce two degenerate states and one split-off one. We conclude from Table II that deep within the crystal the strain or electric field is directed along the surface normal, corresponding to evenly split states whereas at the surface there is a strong component of the strain which is along the ͓111͔ direction and produces an uneven energy splitting. This effect of strain along the ͓111͔ direction is consistent with the results of Ref. 12 . Since the states connected to J = 1 are fully degenerate in the bulk, a small splitting of only 3 meV in our experiment 14 layers deep is not surprising.
V. CONCLUSIONS
In summary, the spectroscopic signature of Mn atoms in different layers below GaAs͑110͒ was measured by scanning tunneling spectroscopy. The observed features, a threefold split peak in the band gap, shift to higher voltage for Mn atoms closer to the surface. The peaks in the band gap are followed by NDC which is explained by an energy-filter model at negative TIBB. This allows the qualitative conclusion that the binding energy of Mn atoms is enhanced close to the surface. Quantitatively the binding energy was extracted from the measured peak positions by calculating the TIBB in the respective depth below the surface. The resulting binding energy of ϳ170 meV for Mn atoms close the GaAs͑110͒ surface is in satisfactory agreement with a recent theoretical prediction. 15 The threefold splitting of the Mn state is not identified with the theoretical prediction of a threefold state split by the spin-orbit interaction, 25 or as due to exchange coupling. Instead, we assign it to a splitting of the J = 1 ground state by the strain and electric field present at the surface.
